Purpose: The aim of this review was to identify published studies in the literature relating to ictal induced MRI change and to identify certain common themes, practical points for clinicians and areas for future research. Methods: We identified 96 articles that satisfied our inclusion criteria yielding 575 cases. All articles were analysed; number of subjects, spectrum of MRI and EEG change, aetiology, and follow-up (both clinical and imaging) were noted. Results: The most frequent imaging changes were restricted diffusion, T2-hyperintensity and reduced ADC values. The mesial temporal structures and neocortex were most commonly affected locations though subcortical structures like the thalamus and pulvinar were also described. Practical clinical points included; the development of PLEDS concordant with ictal imaging change was associated with worse clinical prognosis, patients with seizures due to symptomatic aetiology may be more likely to develop ictal related imaging change and follow up is vitally important to ensure that ictal related oedema is not misidentified as a mass lesion or conversely that a mass lesion is not misidentified as ictal related change. Conclusion: Qualitative MRI studies have provided clinicians with useful in-vivo insights into the dynamic ictal neuronal environment. Changes are not only localised to the ictal focus but can be remote and irreversible. Small patient numbers varying study design and high numbers of symptomatic seizures makes comparison between studies problematic. Also there is possible microstructural quantitative MRI changes that are missed on qualitative MRI. There is a need for prospective quantitative MRI studies in patients with epilepsy peri-icatlly with a uniform period of follow up and comparison to control data.
Introduction
The first descriptions of focal peri-ictal hyperperfusion is from the 1930's by Gibbs [1] and Penfield [2] . In the 1960's a study utilizing pneumoencephalograms noted that focal ictal activity in one hemisphere could result in ipsilateral cerebral oedema with subsequent cerebral atrophy and ventricular dilation [3] . With the ensuing availability of clinical computed tomography (CT) transient CT findings associated with seizure activity were reported in 1987 [4] . Following the introduction of MRI into mainstream clinical practice, clinicians have gained unprecedented insights into the dynamic nature of seizures prompting a wealth of case reports, case series, cohort studies and published reviews. The spectrum of ictal MRI changes has gradually expanded as has their correlation with other imaging modalities for example ictal SPECT, MRA and PET CT. Our objective was to systematically review existing studies to reflect on the optimal design of a state-of-theart peri-ictal imaging study and also to discuss the pragmatic implication of peri-ictal changes in clinical practice.
Methods
A formal systematic review was performed using PUBMED between August 2016 and November 2016 using the search terms "peri-ictal MRI", "peri-ictal imaging", "ictal diffusion change" and "post ictal MRI changes". We considered papers that mentioned several imaging modalities as well as MRI so we would be able to comment on concordance between the different imaging techniques. Only articles that were published in English were included. We also reviewed the bibliographies of the selected papers in order to identify additional suitable articles for inclusion into our review which were not identified in our initial PUBMED search. Identified articles were systematically retrieved and recorded the following information into a database: 1) number of patients and use of any controls, 2) type of study (prospective/retrospective/case series/ cross-sectional/longitudinal), 3) duration of ictal events if documented, 4) seizure types, 5) EEG abnormalities, 6) aetiological factors, 7) time between onset of ictus and MRI if described, 8) imaging modality and MR sequences, 9) type of imaging changes, 10) follow up time and reversibility. From this we identified several emerging research themes, potential pathophysiological mechanisms, practical points for clinicians, as well as potential areas for future areas of research and study.
Results
The search terms "peri-ictal MRI" or "postictal MRI" yielded 96 articles after applying the inclusion and exclusion criteria 38 were deemed suitable for full review. The terms "peri-ictal imaging" and "ictal diffusion" yielded 70 articles and after reading the titles and abstracts and again applying our defined criteria 12 were deemed suitable for full review. On review of the bibliographies of these articles we identified a further 46 publications for inclusion giving us a total of 96 articles for full review and analysis (Fig. 1 ). The 96 articles reported a total of 575 cases. 52 were single case reports and the rest were case series or cohort studies containing between 2 and 69 patients. We then identified 8 areas of potential interest for the practicing clinician (Table 1) .
The incidence of acute peri-ictal change and chances of detection
The exact incidence and detection probability of peri-ictal imaging change is unknown. Large variations of between 0.007-29.4% have reported within the literature. The reasons for this are primarily down to different recruitment strategies, heterogenous study populations and varied methodologies. We identified 9 studies which either retrospectively or prospectively reported the Sea rch term s "peri-ictal MRI "or "po st ictal MRI" yielded 93 articles After inclusion and exc lusion criteria applied 38 dee med suitab le for full review Sea rch term s "peri-ictal imag ing "or "ictal diff usion" yielded 70 articles After inclusion and exc lusion criteria applied 12 dee med suitab le for full review 50 studies identified initiall y f or review and we sc reened the bibli ograph ies of the t hese articles iden tifying a furthe r 46 articles for inclusion Total of 96 stud ies desc ribing 575 cases of periictal MRI chan ge related to seizures Prevailing themes from the literature The incidence of acute peri-ictal change and chances of detection The type of imaging changes and potential mechanisms Anatomical areas of interest Concordance between imaging and EEG abnormalities MRI and seizure Haemodynamics Correlation between MRI and neuropathology Peri-ictal change due to acute symptomatic seizures Factors which may predict imaging reversibility rates of peri-ictal MRI abnormalities identified on neuroimaging after status epilepticus, clusters or single seizures. Two further studies concentrated on particular areas of potential interest the thalamus and corpus callosum. There were only two prospective studies which identified 7 out of 34 (20.6%) [5] and 4 out of 26 (15.38%) [6] patients who had peri-ictal MRI change. The incidence of peri-ictal MRI changes varied between 4.6%-29.4% [7] [8] [9] [10] [11] [12] in six retrospective studies. Incidence of MRI change after non-convulsive status epilepticus [13] [14] [15] has also been examined. Our review suggested that the incidence of acute peri-ictal imaging changes are much lower after single or seizure clusters (0.007%) [16] than after status epilepticus.
Some studies focus on one specific anatomical area. A study investigating the rates and spectrum of thalamic ictal related change identified 43 patients after screening 5500 scans from epilepsy patients thus giving a rate of (0.0078%) [17] . In a paediatric study examining febrile seizures the rate of ictal MRI change was 0.037%, only one of 27 children had MRI ictal related change. However study interpretation is difficult as the time from ictus to scan is not recorded and may have impacted on their findings [18] .
Small sample size is a common limitation of the papers identified and most studies contain a mixture of acute symptomatic seizure patients and those with previously established epilepsy [19, 11, 20, 21] . In some of the cohorts the majority of patient seizures are due to an acute metabolic or symptomatic causes perhaps suggesting underlying aetiology or metabolic derangement rather than the seizure itself is responsible for observed imaging changes [10, [20] [21] [22] . This heterogeneity is a clear confounder which makes identification of syndrome-specific imaging signatures challenging.
It is important to understand that some imaging changes may go undetected due to time between ictus and scan acquisition. The Fig. 2 . MRI images obtained as part of a work-up from a patient who presented after prolonged episode of complex partial status epilepticus. Initial images were obtained within 48 h of ictus while the patient was in the ICU. FLAIR imaging (a) reveals evidence of bilateral hyperintensities in both posterior temporal lobes and the medial occipitotemporal gyrus more evident on the right than left with accompanying restricted diffusion (b). After escalation of anticonvulsant therapy follow-up imaging at 2 weeks revealed some residual FLAIR hyperintensitiy on the right (c) but the left sided abnormalitiess and diffusion restriction had resolved (d). Extensive work-up including paraneoplastic,autoantibody and infective screen was negative. These images were supplied curtesey of Dr. Jennifer Dineen, Consultant Neurologist at the Beacon Hospital, Dublin, Ireland.
timing of the appearance of T2 and FLAIR hyperintensities in human subjects has not been accurately determined. Reports from animal studies suggest that abnormalities are detectable within hours of onset of SE however largely due to logistical factors influencing the acquisition of neuroimaging data patients are scanned well outside the first few hours [23, 24] . On the other hand diffusion related neuroimaging metrics such as DWI and ADC can appear within minutes of seizure onset [25, 26] . Sample size, cohort heterogeneity, timing to scan, pulse-sequence settings all impact on the detection of the periictal MR alterations and have to be interpreted when appraising the literature. It is not definitively clear if any clinical parameters such as seizure duration correlate with the extent and reversibility of DWI/T2 hyperintensities.
Type, timing and potential mechanisms of periictal imaging changes
According to the latest ILAE report on status epilepticus there are two operational time points which should be used. Time point one (T1) which is a seizure lasting longer than five minutes which signifies the failure of the normal neuronal homoeostatic mechanisms and (T2) thirty minutes which signifies the time beyond which irreversible neuronal injury will occur [27] . However the authors do state that these time points are based on animal studies and that the evidence for humans is incomplete. In addition the evidence for non-convulsive status epilepticus remains unclear.
Long lasting seizure sequelae may depend on seizure type, patient factors and premorbid epilepsy status. Several imaging studies and case reports have tried to use MRI techniques to shed some light on the changing neuronal environment in the interictal, peri-ictal and post ictal periods of status epilepticus [5, 11, 12, [20] [21] [22] [27] [28] [29] [30] . MRI is a non-invasive tool with the ability to characterise structural, diffusivity and metabolic alterations in vivo and provide insight into the pathophysiology and biology of focal processes underpinning seizures. This does not just apply to convulsive seizures as there are several cases and studies of single or seizure clusters as well as non-convulsive status epilepticus in the literature which have also described transient reversible diffusion and other imaging abnormalities [13] [14] [15] [16] .
The most frequent imaging changes which are demonstrated in the literature are diffusion restriction with associated T2 hyperintensity, reduced ADC values, hyperperfusion and occasionally enhancement on T1 post contrast studies.
Diffusion restriction and ADC changes
Diffusion weighted MRI detects changes in the distribution of water molecules which may be restricted in certain pathological states such as stroke and neoplastic lesions reflecting vasogenic or cytotoxic oedema. It has been proposed that in order to compensate for the increase in metabolic demand of ictal tissues compensatory regional hyperperfusion takes place [31] [32] [33] . However when there is sustained ictal activity and the regional blood flow is no longer sufficient to sustain neuronal hyperexcitability; hypoxia, lactic acidosis and failure of the sodium/ potassium pump ensues. These metabolic changes result in the development of cytotoxic oedema and reduced extracellular volume which can be detected on neuroimaging by restricted diffusion and reduced ADC values (see example Fig. 2a-d) . Results from animal studies have shown that there is a close relationship between acute phase DWI and ADC changes subsequent neuronal loss, there is a paucity of data from human studies [34] [35] [36] . Restricted diffusion with accompanying decreased ADC values reflect cytotoxic edema [24] .
Several studies have concentrated on the importance of ADC values in an attempt to gain insight into the neuronal metabolic dynamics associated with seizures. Kim et al. examined the quantitative ADC value changes with SE in the areas of restricted diffusion. ADC values were reduced between 6 and 28% compared with the contralateral normal structure or control values. This is consistent with similar reductions in ADC values described in other case reports and studies 18-50% [21, 37, 38] . There is considerable variability between studies with regards to seizure cohorts, time to imaging acquisition and follow up which would likely account for the inconsistencies between studies.
A prospective study examined if dynamic ADC value changes were identifiable in patients with temporal and extratemporal lobe epilepsy if scanned promptly even after single seizures. Patients were scanned 2-210 min after their last seizure as identified on vEEG. There was found to be a complex and dynamic change in the ADC values in the ictal, postictal and interictal period. One of the main unifying features was that the interictal ADC values were significantly elevated on the ictogenic hippocampus side as compared to the non-ictal side. These ADC changes were observed in patients with temporal lobe epilepsy but not extratemporal lobe seizures. It was postulated that interictal ADC could potentially be used to lateralize the side of seizure origin but the study also found that while changes in ADC values are definitely observable after single seizures they are not identifiable in all patients. Another study found no meaningful relationship between seizure length and magnitude of ADC change [39] . Motor seizures especially epilepsia partialis continua (EPC) stimulate diffusion changes in anatomical regions concordant with the clinical seizure semiology [40, 41] but it may be better at giving an insight into epileptogenic seizure spread in areas remote from seizure foci [29] .
Others have reported that ADC values change in four stages during seizures [42] . Stage 1: the initial hyperperfusion without definite ADC change detectable, stage 2: predominant vasogenic extracellular oedema with increased ADC, stage 3: predominant cytotoxic oedema resulting in ADC decrease and lastly stage 4 where ictal related neuronal loss and gliosis result in increased ADC [42] . Given that most studies in the literature describe a reduced ADC in the acute ictal period it is likely that these scans were acquired during the proposed 3rd stage and reflect cytotoxic oedema. If ADC values are increased interpretation can be a little trickier as it could reflect ongoing vasogenic oedema or the development of gliosis. Therefore the pertinent clinical variables such as seizure duration, time between ictus and scan and obtaining follow up imaging is vital to the interpretation. Reports of concomitant grey and white matter diffusivity are inconsistent. The majority of studies report that despite cortical ADC reductions in the acute peri-ictal phase, subjacent white matter ADC values can be increased or remain normal [15, 22, 30, 43] . Flacke et al found no corresponding DWI or ADC subcortical white matter abnormality in their patient with cortical peri-ictal diffusion change due to status epilepticus [37] . Yet there have been reports where new persistent white matter ADC abnormalities have been observed [44] .
The vast majority of studies identified by the literature review were qualitative reports based on conventional clinically utilized MRI sequences which demonstrated visually evident neuroimaging abnormalities. The next generation of diffusion neuroimaging diffusion tensor imaging uses quantitative MRI to examine microstructural abnormalities is now well established in epilepsy. However its use has largely been confined to chronic epilepsy cohorts. We were only able to identify two studies in the literature who used the technique in the acute ictal or peri-ictal period. These studies utilizing quantitative analysis found that MD (mean diffusivity) was a more sensitive index of diffusion than anisotropy. Most postictal changes in MD were remote form the ictal foci suggesting that changes occur as a result of propagation of the seizure through an epileptogenic network [45] . In one of these studies using DTI in the immediate post ictal period, investigators found that 72% of patients with focal epilepsy had an increased mean diffusivity values in areas of likely seizure focus even if their MRI T2-weighted and FLAIR scans were normal [46] . Interestingly, in some patients the magnitude of the increase in mean diffusivity was larger interictally than immediately postictally when compared to that of controls. Postictal mean diffusivity values were a mean of 23% lower than the interictal values in some areas. It was also noted that the abnormalities found interictally were not only confined to the seizure focus and in fact were more widespread and present in both hemispheres.
T2 and FLAIR hyperintensities
Studies in animal seizure models have shown that increased T2-weighted imaging signal hyperintensities are the result of ictal related oedema and developing gliosis [47, 48] . T2 increases in . Bilateral restriction of the mesial temporal lobes evident on DWI imaging (a) and corresponding T2 hyperintensities on coronal imaging (b) of a patient who had new onset prolonged complex partial status epilepticus followed by convulsions requiring admission to ICU. These later resolved after the seizures were brought under control. Extensive work-up for possible aetiologies was negative. Evidence of diffusion restriction in the splenium of the corpus callosum (c) and accompanying reduction in ADC (d) in a patient with non-lesional temporal lobe epilepsy admitted with several focal seizures accompanied by secondary generalization. These abnormalities later completely resolved on repeat MRI some weeks later. MRI scans from a patient in his 30's who presented with involuntary right upper limb movements and psychosis after a prolonged convulsion neuroimaging in the acute peri-limbic regions were identified in pilocarpine induced SE and these hyperintensities were found to pathologically coincide with gliosis [25] . The majority of T2 hyperintensities and FLAIR signal abnormalities identified are located in the superficial gray matter, subcortical white matter and hippocampus [10, 16] .
While most changes described are concordant both by EEG and seizure semiology to ictal focus there also is a strong appreciation within the literature that areas of abnormal T2 and FLAIR hyperintensity may occur in areas remote from the seizure nidus, and that these areas may persist or be completely reversible on follow up imaging [8, 16, 17, 29] .
Human studies correlating ictal related MRI change to neuropathology are lacking and largely confined to case reports and small case series [16, 31, 49] . It has been proposed that T2 hyperintensities during the acute phase of epileptiform activity are intrinsically related to hypertrophy of glial cells in ictal tissues. Animal studies suggest that the aquaporin 4 channels in glial cells have an active role in the clearance of ictal related oedema. Vasogenic oedema results in glial hypertrophy and prolonged T2 relaxation times and the observed T2-hyperintensities detectable on neuroimaging [50, 51] (Example Fig. 2a-d ).
T1-weighted post contrast abnormalities
Post-ictal gadolinium enhancement has been described in several reports and case series [54] [55] [56] . Some have had a history of treated brain tumours and after prolonged convulsions imaging has erroneously been suggestive of either recurrence or progression [52, [55] [56] [57] [58] [59] [60] . This is sometimes referred to as peri-ictal pseudoprogression [55, 56] . There are also reports of patients who have presented with prolonged or recurrent convulsions who have demonstrated postictal MRI change which mimics an actual structural lesion when none is present [19, 22, 54, [61] [62] [63] [64] (See Fig. 3a and b ). The most commonly described pattern is a discrete area of leptomeningeal enhancement overlying a focal area of ictal cortex. The proposed mechanism for this has been explored in several animal studies [65, 66] . These studies proposed that the increased metabolism of seizing neurones with resulting local acidosis, increases in PCO2 in conjunction with neurotransmitter release cause an increased vascular permeability, blood-brain barrier disruption and consequently vasogenic oedema. The combination of these dynamic molecular processes are thought to be responsible for the development of T2 hyperiintensities, diffusion restriction, T1-weighted post contrast enhancement. MRS lactate peaks and reductions in NAA/Creatinine and glutamine-glutamate/creatinine ratios [54, 63] .
In cases with a prior cranial radiation, the peri-ictal contrast enhancement is more diffuse than in those cases that had no history of brain neoplasm or intervention. This observation suggests that prior cranial irradiation or tumour removal makes the blood brain barrier more vulnerable to ictal related change. Cole et al. 2004 classified the peri-ictal DWI changes as either remote or local in respect to the seizure focus [29] . Since then numerous other studies have described their own neuroanatomical classification systems based on involvement of parenchymal structure i.e. gray matter alone, white matter, white and gray matter, deep gray matter nuclei and leptomeningeal enhancement [7, 16, 19] .
Anatomical areas of interest
Epileptogenic abnormalities such as focal cortical dysplasias and heterotopic grey matter have been associated with fluctuating imaging changes in the peri-ictal period [67] [68] [69] . Outside of this from the literature we identified the most common affected areas; the mesotemporal, neocortex, corpus callosum, thalamus, contralateral cerebellar hemispheres and basal ganglia have all been described with varying frequency [21] .
Neocortex and subcortical white matter
The cortex is often regarded as the site of seizure origin. Neuroimaging changes most frequently occur either in conjunction with local subcortical white matter abnormalities or other more remote MRI abnormalities which may be anatomically distant but functionally connected to the ictal cortex thus mediating seizure propagation [16, 19] (See example Fig. 3c and d) . Focal neocortical enhancement has also been described. Neocortical abnormalities rarely occurred in isolation and if they did were likely due to epilepsia partialis continua [5] . During the peri-ictal period abnormalities in the sub-cortical white matter directly underlying or remote from the ictal cortex have been described [7, 16, 70, 71] . Areas of extensive peri-ictal white matter involvement can demonstrate significant oedema and mass effect with some changes being mistaken for neoplastic lesions [54, 55] . White matter involvement is not always present in the acute stage and may appear later. Studies looking specifically at subcortical white matter ADC values under a reduced ADC cortex have found normal or minimally increased ADC values [15, 22, 30] . In addition the subcortical white matter changes may appear either at the time of the cortical abnormalities or later than the initial abnormal cortical signal [72, 73] . The development of subcortical white matter abnormalities under the ictal neocortex appears to herald subsequent atrophy and long lasting sequelae on follow up imaging in some studies, though there have been no prospective studies specifically designed to look at this [7] .
Mesial temporal lobe
Animal studies show that the mesial temporal lobe and hippocampus is especially vulnerable to neuronal damage as a result of seizures. High concentration of glutamate receptors in the layers of the hippocampus (CA1, CA3 and CA4) make it particularly susceptible to excitotoxic mediated damage especially in status epilepticus [49, 74, 75] .
One of the most commonly reported areas in the neuroimaging literature is the mesial temporal lobe followed by the pulvinar and areas of cortex involved in seizure generation [9, 11, 12, 20, 28, 76, 77] (See Fig. 4a and b) . The most commonly described changes are ictal related FLAIR hyperintensities, diffusion restriction and low ADC values. It appears that mesiotemporal structures can be affected regardless of the underlying cause of ictus even in those with acute symptomatic seizures and no history of epilepsy demonstrating the well-known vulnerability of this region to ictal events [28] . In patient studies of acute peri-ictal imaging abnormality, involvement of the hippocampus is the most frequent finding described and is noted in between 68.5%-80% of cases [9, 28] . The changes described can be unilateral or bilateral signal hyperintensities on T2 wted imaging with or without accompanying restricted diffusion in the same area. The ADC values in the affected hippocampi are also reduced. The reversibility is variable with some patients developing long lasting sequelae of hippocampal sclerosis and others not [9, 76] .
Given the small number of subjects in the majority of studies and the variability in protocols it is difficult to predict with any certainty which patients will have long-lasting abnormalities on follow up and whether this correlates with clinical outcome measures such as neurological deficit, seizure freedom or medication resistance. One study suggested that patients who in the acute setting developed periodic lateralized epiletiform discharges (PLEDS) on EEG over the mesial temporal lobe structures had a worse functional outcome than those that did not [11] .
Studies and series with longitudinal follow up have shown that the FLAIR hyperintensities many persist though the DWI may normalize and that atrophy may develop [9, 15, 32, 44, 78] . It is likely that changes picked up in the acute peri-ictal period represent irreversible cytotoxic oedema which heralds the later development of areas of atrophy signifying neuronal loss and gliosis.
Corpus callosum
The corpus callosum is especially visualised on diffusion weighted imaging given the high myelin water fraction. Thus, DWI of the splenium is especially sensitive to any restriction of water molecules due to toxic, metabolic or excitotoxic states for example status epilepticus. Reports of splenial corpus callosum lesions have been described in patients with epilepsy and also in those who have single symptomatic seizures [79, 8, [80] [81] [82] [83] [84] [85] (See example Fig. 4c and d) .
The rate at which these focal corpus callosal lesions occur has not been established. One study in the literature identified 24 abnormalities in the splenium of the corpus callosum after analysis of 1050 MRI scans in people with epilepsy who had undergone 24-hour VEEG monitoring [83] . This would suggest a rate of approximately 2.3%. The proposed mechanism is that significant seizure burden within a short period of time in patients with bilateral seizure foci and or generalised seizures results in failure of energy dependant transport mechanisms. This causes intramyelinitic oedema and hence diffusion restriction while also highlighting the importance of the corpus callosum as a commissural pathway and potential route of propagation for generalised seizures. This was also illustrated in a brief case report where the authors argued that corpus callosum dysgenesis limited ictal activity to one hemisphere and was thus also responsible for limiting the peri-ictal imaging MRI changes to one hemisphere [86] .
This however, does not explain the reports of clusters of partial seizures in paediatric patients resulting in transient completely reversible corpus callosum changes [84] and callosal abnormalities described in patients who reportedly had no seizures in the ten days prior to scanning [81] .The splenium of the corpus callosum is solely supplied by the terminal braches of the posterior cerebral arteries and the arginine vasopressin system regulates cerebral blood flow. Some have argued that abrupt withdrawal of antiepileptic medication especially carbamazepine causes rapid decreases in serum drug concentration. These changes result in swift elevations in arginine vasopressin which could contribute to brain oedema in the splenium of the corpus callosum which appears to be a particularly vulnerable site to these fluctuations [81, 82, 85] .
There is only one study specifically designed to examine this topic and no single variable was found to be responsible for the aetiology of the splenial lesions in cases compared to controls [83] . Changes noted in the corpus callosum are likely to be multifactorial in origin with a number of ictal and other metabolic factors playing a role. In summary, there is evidence that the corpus callosum is a particularly vulnerable site to alterations in fluid balance driven either by ictal events, changes in AED concentration or vitamin/ folate deficiencies given its constituent make-up, blood supply and susceptibility to changes in the arginine vasopressin concentrations. The majority of these lesions tend to be reversible so repeating the imaging after a time interval is important to avoid unwarranted invasive treatments or diagnostics.
Thalamus and pulvinar
The thalamus is responsible for regulating sleep, alertness and consciousness and has important reciprocal connections with the cerebral cortex. Several studies have demonstrated peri-ictal hippocampal DWI restriction in conjunction with simultaneous high signal on DWI in the ipsilateral thalamus especially in the region of the pulvinar, with accompanying hyperperfusion in this area demonstrated by increased flow signal in the ipsilateral posterior cerebral artery (PCA) [8, 20, 33, 87] .
We know from studies utilizing SEEG that the thalamus is involved in generalised epilepsy syndromes [88, 89] and that several thalamic nuclei have been implicated in the spread of temporal lobe seizures with some advocating that the medial pulvinar nucleus is particularly important in propagating seizures arising from the mesial temporal lobe structures [90, 91] .
It has been noted that thalamic and pulvinar changes in the acute peri-ictal imaging are usually accompanied by other ictal related imaging abnormalities most commonly in the ipsilateral neocortex concordant with a hyperexcitable cortex stimulating the ipsilateral thalamic neurones during seizures via thalamocortical radiations [17, 20, 22, 92] . Some authors advocate that ictal discharges originating in the posterior parts of the cortex are more likely to have peri-ictal thalamic changes on neuroimaging [94] . Though less common bilateral thalamic lesions have also been noted with these changes noted to be reversible when patients are rescanned some months later [38, 93] . There is one case in the literature which does describe an isolated thalamic lesion after a generalised seizure [94] . This appears to be the exception rather than the rule.
One study identified four patterns of ictal thalamic imaging change; hyperintense pulvinar lesions, unilateral or bilateral linear thalamic defects, extensive bilateral thalamic lesions and other structural lesions [17] . The study found pulvinar T2 hyperintensity was the most common thalamic lesion observed in 47% of participants and in all but one the lesion persisted at follow up. One third developed cone shaped atrophy in the affected pulvinar. The patients also had accompanying ipsilateral cortical signal abnormalities, hippocampal abnormalities and mammillary body atrophy. The pulvinar had previously been shown to demonstrate restricted diffusion in the acute period following complex partial status epilepticus in a series of 10 patients most of whom had acute symptomatic seizures for a variety of reasons [20] and it appears that the pulvinar has a particular predilection for diffusion restriction [92] .
Cerebellum
It was first noticed by stroke researchers that cortical infarction resulted in changes in the contralateral cerebellar hemisphere and that there are reciprocal functional connections between the cerebellum and cerebral cortex [95] [96] [97] . It stands to reason that an ictal cortex could disrupt the homeostasis of the cortico-pontocerebellar pathways. Changes in the cerebellum remote from the seizure focus have been described in the epilepsy literature [8, 40, [98] [99] [100] [101] . Several cases have described imaging changes in the crossed cerebellar diaschisis in patients with an ictal focus in the contralateral cerebral cortex [9, 40] . One report details increased blood flow and high signal on DWI imaging in the ictal cortex with contralateral reduced cerebellar hemispheric blood flow and DWI restriction however cases of increased cerebellar blood flow have also been described [100] .
Two potential mechanisms have been proposed for this crossed cerebellar diaschisis in seizures, especially in status epilepticus. Firstly, hyperexcitability in the ictal neocortical neurones results in contralateral changes in the cerebellum and hence clinical ictal activity in the limbs via the cortico-pontine-cerebellar pathway. Secondly, the known inhibitory role of the cerebellum is increased in ictal states. Therefore, the changes observed in the peri-ictal period in the cerebellum are potentially a reflection of the increased demand for neuronal inhibition rather than the transmission of ictal activity itself [40] .
Basal ganglia (Caudate, Putamen, Globus Pallidus)
There is experimental evidence from animal studies that subcortical structures such as the basal ganglia play an instrumental role in either the modulation or propagation of seizures [102] [103] [104] . There are 9 studies describing 19 patients with periictal imaging change in the basal ganglia. The most frequent abnormalities were restricted diffusion and T2 hyperintense MRI lesions identified in the peri-ictal period which later resolved [11, 38, 53, 63, 105] . The globus pallidus was the most frequent part of the basal ganglia described [39] followed by the putamen [5, 105] and then caudate [8] however some studies just mention the basal ganglia as a whole without further subclassification [55, 106] and in one other study basal ganglia involvement was not mentioned in the paper but was evident in the neuroimaging provided [68] (See example Fig. 4e and f) .
Basal ganglia lesions were always accompanied by other neuroimaging abnormalities the most frequent of which were cortical diffusion restriction, thalamic diffusion restriction as well as dorsal brainstem and cerebellar involvement. Interestingly several cases reported basal ganglia lesions which appeared on the patients' interval or follow up MRI which were not present on the initial acute peri-ictal MRI. These cases initially had acute cortical diffusion and T2 hyperintensities which later developed into cortical laminar necrosis at imaging follow up sometimes with associated atrophy [11, 63] . The traditionally held belief that it was ictal cortex that was responsible for generating seizure discharges has been challenged in the last decade. It has become increasingly appreciated that far from just a discrete ictal focus there exists an epileptogenic network or continuum of functionally connected neuronal nodes which facilitate seizures. One potential theory for basal ganglia abnormalities appearing later and in relation to very prolonged status epilepticus (ie over days) is that very severe ictal neocortices which eventually burn out resulting in focal cortical laminar necrosis have more widespread epileptogenic networks thus have a greater tendency to involve subcortical gray matter structures like the basal ganglia. This theory has already been suggested regarding the claustrum via both animal [107] and human studies [108] . In their series Meletti et al. describe bilateral claustrum FLAIR and T2-weighted hyperintensities with accompanying DWI restriction in patients presenting with very aggressive febrile-infection related epilepsy syndrome (FIRES). The authors suggest perhaps that the claustrum may play a potential role in the maintenance of such refractory status epilepticus [108] .
Imaging and EEG Concordance
It stands to reason that patients who display cortical diffusion restriction should have concordant EEG abnormalities [109] . The abnormalities described are broad and include PLEDs, focal slow wave activity (either delta or theta frequency) and focal spikes [20, 32, 77, 110] . In patients with ictal related DWI change the predominant EEG pattern was PLEDs in contrast to those seizure patients without peri-ictal DWI change who were more likely to have bilateral or generalised slow-wave discharges [11, 12] . Although study samples are small it has been demonstrated that those patients who do develop PLEDS in addition to congruent DWI abnormalities are more likely to develop widespread cerebral abnormalities and have a poorer clinical prognosis [11, 44] . A study looking solely at diffusion restriction within the thalamus revealed that if thalamic diffusion restriction was present then the EEG abnormality observed was likely to be focal PLEDS on the ipsilateral side to the thalamic diffusion restriction and seizure focus [92] .
In general areas of DWI restriction and or T2 hyperintensity on neuroimaging are concordant with focality on EEG with some studies quoting concordance of between 71 and 81.5% [7, 16, 20, 21, 28, 111] . However others observe a concordance rate as low as 38.6% [19] . Cases have been described where imaging has identified areas of hyperintensity and or diffusion restriction on MRI but EEG has been non-specific, non-concordant or normal at the time [11, 19, 28, 94, 112, 113] . These potential inconsistencies are explained by the fact that concordant EEG and MRI data are more likely when the investigations are obtained within 24 h of the seizure onset. Due to practical and patient safety reasons this is not always possible. It may be necessary to repeat the EEG several times prior to capturing ictal or focal discharges related to the MRI abnormalities [112] .
One study suggested that interictal slow background activity was more valuable at predicting whether ictal MRI changes were focal or bilateral. Those with focal EEG slowing had unilateral abnormalities and those with diffuse slowing had bilateral abnormalities (p = 0.015) [53] .
MRI and seizure haemodynamics
Since Penfield first described the focally increased blood flow associated with an ictal focus it is well established that ictal related neuronal hyper-excitability results in increased metabolic demand and compensatory ictal hyperperfusion. This has been demonstrated using MRA, ictal SPECT and perfusion studies which are concordant with ictal areas of MRI diffusion restriction and ictal foci on EEG [20, 40, 114] though one striking case report demonstrates clearly observable intraoperative cortical hyperaemia and hyperperfusion in a case of intractable focal SE [31] . By comparison the corresponding contralateral area is usually normal [40, 114] .
Perfusion abnormalities have been detected in areas anatomically remote but functionally connected to seizure foci. Increased regional blood flow in the cerebellar hemisphere contralateral from the epileptic focus have been noted [40] . As mentioned previously two potential theories exist as to why this occurs. The first is that an irritant ictal cortical seizure focus causes neuronal hyperexcitability in the contralateral cerebellar hemisphere via cortico-ponto-cerebellar pathway thus giving the motor findings of a focal seizure (jerky limb movement). The second is that the cerebellum has a major inhibitory function mediated through the release of GABA from its purkinje cells which during a seizure means it becomes more metabolically active [40] .
While hyperperfusion appears to resolve promptly, the DWI resolution time is variable and the T2 hyperintensities noted persist for longer or are permanent [20, 114] . Ictal areas have been noted to be hypoperfused in the post ictal period. This has been put forward as a mechanism for postictal Todd's paralysis both with [115] and without diffusion weighted changes [116] . It has been noted elsewhere that postictal hypoperfusion in the hippocampus of TLE patients after prolonged secondary generalised seizures has been associated with the cessation of neuronal ictal activity [117] .
Some authors have noticed that transient MRI abnormalities have a predilection for the posterior brain regions arguing that akin to the lesions seen in posterior reversible leukoencephalopathy syndrome a potential mechanism could be that these regions are supplied by vessels that have lower sympathetic innervation and may have insufficient cerebrovascular reserve to compensate for the increased energy demands of ictal neurones [19, 54, 117, 119] .
Though the majority of the literature concentrates on the arterial changes associated with the ictal state we identified one study that examined patterns in cortical venous oxygenation using susceptibility-weighted imaging (SWI). Authors found that the SWI patterns were similar to the cerebral arterial blood flow patterns ictally and postictally. Hyperoxygenation occurred in the acute ictal phase and postictally deoxygenation occurred similar to hypoperfusion. Four main patterns were identified: 1) Widespread increased oxygenation after bilateral generalised cortical hyperperfusion and diminished cortical veins on SWI 2) widespread increase oxygenation in SE 3) focally increased cortical oxygenation after focal hyperperfusion and 4) focally increased deoxygenation following focal cortico-subcortical hypoperfusion [6] .
What has consistently been demonstrated over several studies is that the DWI changes identified in the peri-ictal period do not respect vascular neuroantatomical boundaries [19, 54, 92, 109] which can be useful in identifying that the changes are ictal rather than vascular in origin.
Imaging and neuropathological studies
It is well recognised that prolonged convulsions and chronic seizures can lead to neuronal loss and animal models have demonstrated that areas such as the hippocampus (in particular the CA1 and dentate gyrus) and amygdala are especially vulnerable to the excitotoxicity caused by seizures [74, 75] . There are different pathological changes observable in the acute versus later stages. In early stages vulnerable neurones of the hippocampus have shown ischaemic neuronal changes, reactive astrocytosis and oedema [49, 120] . Pathology obtained from longer lasting status epilepticus has demonstrated extensive neuronal cell loss in some of the layers of the hippocampus CA1,CA3 and CA4 with relatively preserved CA2 [121] . Whilst the hippocampus is especially vulnerable, neuropathology specimens from patients who have passed away from status epilepticus have demonstrated cell loss and astrogliosis in the neocortex, cerebellum, basal ganglia and thalmus [120, 121] . In some cases non-specific gliosis has been described [122] . Appraisal of neuronal loss in vivo in humans is challenging. We rely on neuroimaging to provide us with evidence of atrophy or gliosis where tissue specimens are not feasible for correlation with seizures. There are case series/reports in the literature that have been able to correlate peri-ictal imaging abnormalities with histological findings from neurosurgical specimens or from autopsy providing tissue confirmation of irreversible neuronal injury [31, 49, 120, 121] . Neuroimaging findings consistent with cortical laminar necrosis post ictally have been confirmed where biopsies have demonstrated selective neuronal loss, perikaryal vacuoles and perineural satellitosis [63] . Areas of oedema signified by increased T2 and FLAIR hyperintensities in the temporal cortices have later demonstrated diffuse neuronal oedema, necrosis as well as areas of gliosis [31, 49, 120] . Reduction in ADC values both in the neocortex and contralateral cerebellum have later correlated with the neuropathological neuronal damage characterised by loss of neurones in these areas at autopsy [120] . However given the inter study and reporting variability interpretation of these reports is susceptible to selection and reporting biases.
Peri-ictal changes due to acute symptomatic seizures
Most published studies contained large numbers of patients with acute symptomatic seizures in addition to patients with a confirmed diagnosis of epilepsy. Of the 96 studies included in this review, 58 had either a pure cohort of symptomatic seizures or heterogenous groups of participants made up of patients with acute symptomatic seizures and those with a confirmed epilepsy syndrome [20, 22] . A similar challenge had previously also been noted by Grillo in his review [110] . Di Bonaventura et al. argued that people with acute symptomatic seizures are potentially more likely to have visible peri-ictal imaging changes on conventional neuroimaging [21] . With areas such as the corpus callosum being especially vulnerable to metabolic derangements such as hyper glycaemia in the setting of seizures due to HONK (Hyperosmolar Non-Ketogenic Coma) [123] .
Prolonged febrile seizures have been associated with reversible subcortical white matter and diffusion abnormalities in patients with no history of epilepsy [124] . Other studies identified patients with no prior history of epilepsy who in the setting of acute symptomatic seizures had peri-ictal abnormalities temporally and extratemporally identified on DWI, FLAIR and MRS. At follow up a proportion of these patients developed epilepsy and hippocampal sclerosis, suggesting that the cytotoxic oedema and anaerobic metabolism evident on the peri-ictal studies resulted in acute neuronal damage to the especially vulnerable hippocampus [125] .
Factors predicting reversibility
There are no definitive guidelines described in the literature as to what patient, seizure or acute imaging factors help predict reversibility, permanent imaging abnormalities or long lasting clinical sequelae. Where present the most common abnormalities are new or persisting T2 hyperintensities either with or without the development of focal atrophy. Focal atrophy is more likely to occur at the side of the suspected seizure focus though it has occasionally been described in areas remote from the ictal generating zone. As well as focal atrophy the development of cortical laminar necrosis has also been described which correlated to poor clinical patient outcome [118] . There is an unclear temporal relationship between clinical and imaging resolution. In general clinical resolution and recovery proceeded resolution of imaging abnormalities 16 however in some reversal and complete resolution of the MRI abnormalities proceeded complete functional patient recovery [30] . Given the heterogeneity of the study populations and variability in study design it is difficult to come to definitive conclusions that would be applicable to all patients. It is also challenging given the wide range of time to follow up imaging (between 24hrs-5years). The vast majority of studies are underpowered and susceptible to recall bias as most are retrospective. However several useful trends do emerge. The type and extent of ictal related oedema appears to have some bearing on the potential for full resolution or development of longstanding sequelae [29, 126] . Though the rule is by no means absolute acute changes mainly due to cytotoxic oedema are more likely to persist [19, 20, 64] whereas lesions associated with vasogenic oedema are potentially more likely to be at least in part reversible [5, 16, 30, 54] . It has also been speculated that seizure aetiology and brain reserve may play a role and it is likely that those who have symptomatic seizures as a result of a serious medical illness are more likely to have serious neurological sequelae [19] .
Patient age may also be a factor with the young and old being particularly at risk to persistent ictal related imaging sequelae. It has been well described that febrile seizures in early childhood and infancy are thought to carry a risk of later development of hippocampal sclerosis [124, 127] .
What is also difficult to ascertain from studies is whether resolution of the MRI changes correlates with superior clinical outcome or if persisting MRI findings have clinical implication for patient morbidity and mortality. Only one study showed that in patients with an episode of status epilepticus there was no correlation between length of hospital stay or subsequent disability when comparing those with peri-ictal thalamic diffusion restriction and those that did not [92] .
In summary it is likely to be a complex interplay between a number of factors. The presence of cytotoxic rather than vasogenic oedema on neuroimaging, PLEDs on EEG, underlying subcortical white matter abnormality evident in the acute phase and prolonged treatment resistant seizures, carry a worse neuroimaging prognosis and are more likely to result in persisting neuroimaging abnormalities at follow up.
Discussion

Types of change
No definitive biomarker of seizure severity exists and though studies utilizing animal seizure models demonstrated neuronal loss and gliosis post seizures it is impossible to quantify human neuronal damage in vivo. The most frequently described signal abnormalities on neuroimaging include diffusion restriction in conjunction with reduced ADC and T2 hyperintensities likely reflecting cytotoxic oedema which carried a higher risk of permanent imaging abnormality reflecting neuronal loss. It is generally argued in the literature that T2 and FLAIR hyperintensities associated with hyperintensities on DWI and reduced ADC values correlates with irreversible cytotoxic oedema whereas T2 hyperintensity without the presence of restricted diffusion is indicative of vasogenic oedema which is more likely to be reversible [7, 15, 20, 30, 54, 67] . Imaging changes are dynamic and require careful follow up to ensure ongoing or complete resolution. In cases of peri-itcal contrast enhancement this is especially important so that unnecessary invasive diagnostics and treatments are avoided but also so that a neoplastic lesion is not overlooked. The aetiology of ictal related post enhancement is not certain. It is logical to argue that the normal homeostatic environment would be disrupted due to prior chemotherapy, radiotherapy or invasive intervention in prior brain tumour patients [128] . However what is not clear is why some patients with no history of intracranial tumours develop ictal related contrast enhancement concordant with the overlying ictal cortex. There are likely to be a number of factors at play which have a complex interaction. Perhaps ongoing ictal activity and associated hyperperfusion results in local vasogenic oedema and alteration in blood brain barrier haemodynamics in the ictal state resulting in contrast enhancement.
Areas most frequently affected
Acute MRI studies highlight the more widespread impact of seizures on anatomically remote but functionally connected areas such as the thalamus and cerebellum. The most commonly affected areas are the mesial temporal structures. Though the temporal lobe and hippocampus in particular is the most common area for abnormalities in the literature several extratemporal areas remote from the suspected ictal focus have also been described. These are the cerebral cortex, corpus callosum, cerebellum, thalamus with a predilection for the pulvinar, brainstem and basal ganglia. This is potentially very useful information as it gives us a useful insight into the epileptogenic networks at play during seizures. It allows us an in vivo visualisation of functional connectivity in these seizure patients.
The basal ganglia receive cortical projections via the thalamocortical circuits and may play either a passive role in the propagation of seizures or try to modulate seizure activity. One speculative theory suggests that seizure activity has to reach a certain threshold and other seizure inhibitory mechanisms have to have failed prior to the basal ganglia and other subcortical structures becoming involved in an epileptogenic network. However to date research in this area is sparse and further human and animal studies are necessary to clarify these important clinical questions.
Authors have used different descriptive anatomical subclassification systems when trying to categorize patients with peri-ictal MRI change into subgroups. The proposed classification systems vary by study making any comparison challenging. Thus, there is a need for an internationally recognised and standardised classification of these lesions which would allow for easier comparison between studies.
Practical points
Goyal et al found that longer time interval from ictus to MRI was associated with reduction in chance of detecting peri-ictal abnormality and longer duration of seizure was associated with increased chance of detecting peri-ictal abnormality however the study was limited by small numbers [5] . It also found that the seizure type affected the development of peri-ictal MRI change: EPC > NCSE > secondary GCSE > primary generalised. However other studies have described acute imaging abnormalities in patients both with SE and without SE [7, 19] . Thus it can be deduced that status epilepticus is not a prerequisite for the development of transient peri-ictal MRI abnormalities though it does make it more likely. It can further be deduced from this that though seizure duration appears to be important certainly in producing transient and permanent MRI abnormalities it is not the only factor which dictates their development or reversibility. Some points highlighted in the review have other practical clinical implications. Ictal related diffusion change on DWI does not respect vascular neuroanatomical boundaries [19, 54, 92, 109] . These areas also demonstrate hyperperfusion on MRS or MRA which can be useful in identifying that the changes are ictal rather than ischaemic in origin in the emergent clinical setting. Studies demonstrated that the presence or development of PLEDS over the area of restricted diffusion or imaging abnormality suggested poor clinical prognosis. As previously mentioned all patients with suspected ictal related imaging change require close interval follow up clinically and with neuroimaging to ensure resolution.
Study limitations
Though the literature has proved extensive there are obvious limitations to the studies which are a reflection of everyday clinical challenges. It is not always possible to scan a patient very close to ictal events due to clinical and logistical factors, yet it has been shown that MRI scanning should be carried out at the earliest available opportunity following or during ictus in order to have the best chance of identifying ictal related change. It is difficult to accurately estimate the percentage of patients who will develop ictal related MRI findings after development of SE or generalised seizures as the study numbers are small and most studies contain heterogeneous symptomatic seizures and established epilepsy patients which has implications for generalising the findings.
Direct comparison between studies is problematic given the heterogeneous nature of patient cohorts, time to scan, scan sequences and variable follow up. The larger studies are retrospective sometimes over 5-15 years which itself poses problems as scan protocols and scanners (1.5Tversus 3T) vary over time. There is a lack of internationally accepted imaging protocols and descriptive imaging classification systems to allow for comparison between studies.
Conclusions and future directions
The majority of the literature details qualitative MRI techniques with only quantitative MRI in a minority of studies. Microstructural changes not observed by the naked eye may be missed. There is a need for prospective quantitative acute imaging studies with a fixed longitudinal follow up in people with epilepsy following seizures. There has been a suggestion in some of the literature that the development of subcortical white matter abnormalities underlying an ictal cortex heralds the development of long lasting imaging sequelae however there are no prospective studies in the literature specifically designed to verify this. This is an area for potential research and development in which more specific white matter imaging modalities would be useful for instance diffusion tensor imaging. There is a need to standardise the peri-ictal MRI protocol and acquisition so that this can allow for a multicentre, international and collaborative approach to be adopted. We need well designed prospective studies with uniform clinical and imaging data collection in order to gain the full advantage of this technology.
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